Abstract. It is widely accepted that complexity in the flow pattern at the anterior communicating artery (AComA) is associated with the high rate of aneurysm formation at that location observed in large studies. The purpose of this work is to study associations between hemodynamic patterns, and AComA aneurysm initiation by comparing hemodynamics in the aneurysm and the normal model where the aneurysm was computationally removed. Vascular models of both right and left circulation were independently reconstructed from threedimensional rotational angiography images using deformable models after image registration of both images, and fused using a surface merging algorithm. The geometric models were then used to generate high-quality volumetric finite element grids of tetrahedra with an advancing front technique. For each patient, the second anatomical model was created by digitally removing the aneurysm. It was iteratively achieved by applying a Laplacian smoothing filter and remeshing the surface. Finite element blood flow numerical simulations were performed for both the pathological and normal models under the same personalized pulsatile flow conditions imposed at the inlets of both models. The Navier-Stokes equations were numerically integrated by using a finite-element formulation. It was observed that aneurysms initiated in regions of high and moderate WSS in the counterpart normal models. Adjacent or close to those regions, low WSS portions of the arterial wall were not affected by the disease. These results are in line with previous observations at other vascular locations.
Introduction
The anterior communicating artery (AComA) is a unique vascular location that ideally receives blood from two sources of inflow and redistributes it toward the anterior part of the brain through two efferent arteries [1] . However, aneurysms of the AcomA complex are more likely to have hypoplastic A1 segments [2] or to have exclusive filling angiographically from one A1 segment in up to 78% cases [3] . Those AComA aneurysms receiving blood from both A1 segments have flow patterns dependent of individual flow rates and wave forms, which may result in regions of elevated wall shear stress (WSS) that change their locations during the cardiac cycle [4] . It is accepted that complexity in the flow pattern is associated with the high rate of aneurysm formation observed in large studies [5] [6] [7] .
Wall shear stress (WSS) play an important role in the formation, growth and ultimately rupture of cerebral aneurysms [8, 9] . A previous computational hemodynamic study showed a possible association between high maximum WSS at the systolic peak with rupture in a cohort of AComA aneurysms [10] . In that study ruptured aneurysms had in average as much as twice maximum WSS as in the unruptured group. This result is in line with previous experimental studies [11] and computational studies at other locations [12] . Additionally, in a large study including 210 cerebral aneurysms at different locations it was found a statistical significant association between rupture and WSS distributions with elevated maximum WSS, high flow concentration and small impingement size [13] . Cebral et al. also showed a connection between location of aneurysm blebs and regions of high WSS in models where blebs were virtually removed [14] . In another study, Kulcsar et al. presented a relationship between initiation, and coexistence of high WSS and high positive spatial WSS gradient, observed in three-patient scanned before and after aneurysm formation [15] . The normal vasculature had been incidentally imaged when investigating other pathologies. Other investigators reported possible associations between low shear stress and either rupture [16, 17] or blister formation [18] .
The purpose of this work is to study associations between hemodynamic patterns and aneurysm initiation by comparing AComA hemodynamics between the original aneurysm model and the vascular model where the aneurysm was computationally removed. Patients included in this study were not scanned before aneurysm formation. Therefore, there is no evidence to determine whether or not the original vascular configurations were affected by the disease. In this first pilot study, in order to minimize the effects of the reconstruction method, only a selected group of patients whose aneurysms affected a limited region of the AComA and the parent artery was considered.
Materials and methods

Patients, images and vascular reconstruction
Three patients with cerebral aneurysms in the AComA were selected from our data base. In order to minimize the dependency of the results on the reconstruction of the normal vascular models, all images presenting an extension of the disease towards further regions beyond the aneurysm neck were rejected for this study. Bilateral rotational scans were obtained to visualize both avenues of flow into the anterior communicating artery (AcomA) aneurysm using a Philips Integris System (Philips Medical Systems, Best, The Netherlands). These images were obtained during a 180° rotation and imaging at 15 frames per second for a total of 8 seconds. The corresponding 120 projection images were reconstructed into a 3D dataset of 128 128 128 voxels covering a field of view of 54.02 mm on a dedicated Philips Integris workstation. The voxel resolution was therefore 0.422 mm. These data were exported into a PC for mathematic vascular modelling using a previously presented methodology [19, 20, 10] . Each pair of images was aligned using landmark-based rigid registration, and each model was reconstructed using isosurface extraction and deformable models. Models were merged and edited, and aneurysms were virtually removed. In order to achieve that, neck points were identified. Aneurysm was smoothed using a Gaussian filter starting from the smaller structures, without moving points beyond the neck. Remeshing was required in order to preserve element aspect ratio after point relocation. The procedure continued until the aneurysm was completely removed.
Hemodynamic modeling
Finite element blood flow numerical simulations were performed for both the original and the preaneurysm models under the same flow conditions. Blood was modelled as an incompressible Newtonian fluid with attenuation 1.0 g/cm 3 and viscosity 0.04 Poise. The governing equations were the unsteady Navier-Stokes equations in 3D [26] . Vessel walls were assumed rigid, and no slip boundary conditions were applied at the walls. Pulsatile flow conditions derived from phase-contrast magnetic resonance measurement in a healthy subject were imposed at the inlet of the models. Flow waveforms were scaled with the inlet area to achieve a mean WSS of 15 dyne/cm 2 at the inflow boundary of each model. This choice is consistent with studies relating vessel area and flow rates in internal carotid and vertebral arteries [27] , as well as with the principle of minimal work expressed by Murray's law [28] . Fully developed pulsatile velocity profiles were prescribed with use of the Womersley solution [29, 30] . Assuming that all distal vascular beds have similar total resistance to flow, traction-free boundary conditions with the same pressure level were applied at outlet boundaries. The Navier-Stokes equations were numerically integrated by using a fully implicit finite element formulation [19] . We computed 2 cardiac cycles using 100 time-steps per cycle, and all of the results reported correspond to the second cardiac cycle. All elements in the normal model whose distance to the aneurysmal model was greater than the typical size of two elements were marked. In that way, those elements are located in a region of the original arterial wall where the aneurysm started to form. WSS distributions were computed from the blood velocity field and studied over those regions.
Average WSS values were compared to those typical values in the surrounding regions.
The following list summarizes the steps presented in Sections 1.1 and 1.2 [10, 14] :
Image acquisition for both left and right circulation Image rigid registration using landmarks Image segmentation Isosurface extraction Isosurface deformable models to adjust surface point location to vascular boundary in image Surface merging to generate a single model with containing the whole anterior vasculature Identification of neck points Aneurysm smoothing and remeshing iteratively within neck until aneurysm is removed 3D tetrahedral grid generation using an advancing front technic for both pre and post models Flow rate scaling to impose at both internal carotid arteries (ICA) Computation of Womersley profile assumed as the solution at the model inflows Model assumptions: traction free boundary conditions at outlets, no slip boundary condition at arterial walls, Newtonian rheology and rigid walls Numerical integration over two cardiac cycles using a fully implicit finite element formulation Computation of wall shear stress from velocity field Wall shear stress visualization
Results
For all three cases, model A (without aneurysm) and model B (with aneurysm) were created. The geometric information is shown in Table 1 . All the patients considered in this study had a unilateral configuration, having a dominant ICA that provides blood to the whole anterior arterial tree. Consequently, there is almost no flow through the A1 segment of the anterior cerebral artery contralateral to the dominant internal carotid artery (ICA), resulting in a reduced arterial diameter (see Figure 1 ). Original models for all patients are shown in Figure 1 (first and third columns) , while models after digital intervention to remove the aneurysm from the original models are shown in the second and fourth columns of the same figure. a) number of model; b) number of tetrahedra elements in the model A (without aneurysm); c) number of tetrahedra elements in the model B (with aneurysm); d) cross-sectional area of the left ICA at the inflow; e) cross-sectional area of the right ICA at the inflow; f) maximum length of the aneurysm perpendicular to the vessel; g) maximum length of the aneurysm parallel to the vessel; h) aspect ratio; i) location of the aneurysm at the juncture of the A1 and A2 segments of the anterior cerebral artery, and the anterior communicating artery based on the acquired images; j) the system is considered unilateral if there is basically no flow through the A1 segment contralateral to the dominant ICA. In all the three cases, both A2 segments are filled by the dominant ICA. Final finite element models after surface merging of individually reconstructed right and left models: original (first and third columns) and after virtual intervention (second and fourth columns) for patients 1, 2 and 3 (first, second and third row, respectively).
WSS distributions at the systolic peak are displayed in Figure 2 after for model A (first column) and model B (second column) for all patients.
For Patient #1 a high WSS region with a peak of 120 dyne/cm 2 is observed in the AcomA, surrounded by a larger region with an average WSS of 50 dyne/cm 2 . Comparison between both models shows that the aneurysm started to form in the high WSS region. A low WSS region of 25 dyne/cm 2 in the feeding artery opposite to the aneurysm is also observed. Figure 2 : WSS distributions at the systolic peak after virtual intervention (first column) and in the original aneurysm model (second column), for patients 1, 2 and 3 (first, second and third rows, respectively), using the same colour scale for each patient.
For patient #2, two disconnected high WSS regions with peak values of 75 dyne/cm 2 and 50 dyne/cm 2 were observed. The extended area affected by the aneurysm includes both regions. Adjacent to them there is a low WSS portion of the feeding vessel with values less than 10 dyne/cm 2 . For patient #3, a extended region with WSS values ranging between 200 dyn/cm 2 and 340 dyn/cm 2 was observed, which surrounds a smaller area of moderate WSS values (120 dyne/cm 2 ). The aneurysm formed over a region with both high a moderate WSS values, which also had high WSS gradient. A low WSS region in arterial wall opposite to the aneurysm has WSS values less than 50 dynm/cm 2 .
Discussion
The methodology has some potential limitations. The computational removal of AComA aneurysms may be not applied to large aneurysms with wide necks where the original vasculature may not be easily reconstructed. Ford et al. presented an approach to digital removal of saccular aneurysms [31] . Although the methodology presented there is automatic and may be helpful to process large amount of data, it may generate simplified bifurcation geometries due to the centreline based reconstruction. That may affect WSS computation in models where aneurysms where removed from those locations. Images before aneurysm formation are usually acquired by chance when the patients are screened because of another pathology or aneurysms at other locations [15] , therefore they can not be used to carry out a large study. Another potential limitation is the use of non-patient-specific flow rate waveforms imposed at the inlet of our models. However, this limitation is suffered by most computational studies since flow rate measurements are not routinely acquired in clinical evaluations. This limitation is partially overcome by WSS normalization at inflow segments. Other model assumptions had limited impact on aneurismal hemodynamics, as shown in previous works [19] .
Conclusion
The present work shows a possible association between regions of elevated WSS before aneurysm formation, and aneurysm location. This observation is in line with previously reported results from experimental studies and patient-specific blood flow finite element simulations at other vascular locations. This trend will have to be corroborated by larger studies, which also include other hemodynamic quantities and differences between unilateral and bilateral aneurysms.
